In the North China Plain (NCP), the utilization efficiency of cultivated land can be improved by transplanted cotton after winter wheat harvest (tcWWH). to understand the growth, water consumption and economic benefit of TCWWH under different irrigation methods, an irrigation experiment was carried out during 2013-2015 to explore the effects of border irrigation (BI), surface drip irrigation (SDi) and micro-sprinkling hose irrigation (MHi) on the plant development, water use efficiency (WUE) and economic benefit of TCWWH. The results showed that the survival rate of cotton seedlings in the SDI treatment was 12% and 7% larger than that in the BI and the MHI treatments, respectively. SDI increased plant height by 19% and 8% and increased leaf area index (LAI) by 24% and 17%, compared with BI and MHI, respectively. The highest seed cotton yield and better fibre quality were obtained in the SDI treatment, compared to the BI and the MHI treatments. Compared with BI and MHI, SDI reduced the soil evaporation and evapotranspiration (ET) in the field, and resulted in the largest WUE. The net profit generated by the SDI treatment exceeded that of the BI and the MHI treatments by 183% and 23%, respectively. Therefore, SDI can promote the growth of TCWWH and can increase the WUE and the economic benefit of TCWWH, compared with BI and MHI.
Materials and Methods
experimental site. This experiment was conducted from 2013 to 2015 at the Experimental Station of the Farmland Irrigation Research Institute, Chinese Academy of Agricultural Sciences (35°18′N, 113°54′E, altitude 73.2 m). The experimental site is located in a warm temperate climate region and has 220 frost-free days, a mean annual sunshine duration of 2286 h, a mean annual rainfall of 546 mm, and a mean annual temperature of 14.2 °C. The mean annual potential evaporation in the experimental site is 2000 mm, which was calculated using the Penman formulations 21 ; the average groundwater table is below 5 m. The precipitation and ET 0 are shown in Fig. 1 , while the site's physical and chemical soil properties are shown in Table 1 .
crop details. The Bt Cotton (Zhongmiansuo 50) was sown in separate cotton plug-seedlings on May 11, 2013 ; May 6, 2014 and May 6, 2015. The cotton seedlings were greenhouse-raised in substrate and, after approximately one month, were mechanically transplanted to the fields with a row spacing of 70 cm and interplant www.nature.com/scientificreports www.nature.com/scientificreports/ spacing of 20 cm. The planting density was approximately 71,400 plants ha −1 . According to the locally recommended fertilizer practice, 450 kg ha −1 of compound fertilizer was applied to the soil as a basal fertilizer. After the squaring stage, 150 kg ha −1 of urea was applied. The harvest dates were October 20, 2013; October 13, 2014 and October 15, 2015 . Table 2 shows the growth schedule and the days per growth period of TCWWH. Since the TCWWH was short-season cotton, its growth time in the field was less than 130 d. experimental design. Conducted through a completely randomized design, the experiment comprised of BI, SDI and MHI treatments; there were three repeated plots per treatment. Considering the marginal effect of different irrigation methods, the 9 plots were separated from adjacent plots by 4-m-wide isolation strips, and the size of each plot was 50.0 m long and 6 m wide. Table 3 shows the technical parameters for BI, SDI and MHI. After cotton seedlings were transplanted, we installed SDI and MHI systems in the field. The micro-sprinkling hoses were placed between two cotton rows, maintaining a spacing of 1.4 m in the MHI treatment. The drip pipe was laid on the cotton row, with each emitter placed beside cotton seedling.
Once the soil water content (SWC) in the root zone of TCWWH was depleted to 70% of field capacity (F C ), we applied irrigation for all treatments 11, 22, 23 . The irrigation quotas (90 mm for BI, 20 mm for SDI and 60 mm for MHI), which are shown in Fig. 1 , were determined both by the practical experience of local farmers and were referenced from other studies 9, 24, 25 . We used a water meter to measure the amount of irrigation; the cotton seedlings were irrigated to guarantee their survival after transplantation.
Measurement methods and calculations. Four cotton rows (10 m long) in each treatment plot were selected as the sample area to determine the survival rate (%) of the cotton seedlings. The survival rate was evaluated on the 21st day after transplantation and was calculated as follows:
Number of surviving cotton seedlings (planting density sampling area)
We randomly selected and labelled five cotton plants in each treatment plot to measure the plant height (cm) of TCWWH 7 . A ruler (accuracy of 0.1 cm) was used to measure the plant height at 7-10 d intervals from July to September 13 . A leaf area meter was used for the measurement of leaf area 26 , after which the leaf area index (LAI) was calculated by the FAO method 27 .
Daily soil evaporation (mm) was measured by micro-lysimeters in 2014 and 2015. The micro-lysimeter was made from galvanized iron and consisted of an inner and outer cylinder of 10 cm and 12 cm, respectively, and 15 cm in length. The outer cylinder was fixed into the soil, its top edge level with the soil surface to avoid disturbing the soil structure. The inner cylinder was pushed into soil until the top was level with the soil surface; its base was sealed with a plastic foil when it was removed. An electronic balance with a 0.1 g precision was used to weigh the inner cylinder daily at 8:00 AM. The soil evaporation is the difference between two adjacent measurements. The soil of inner cylinder was replaced every 2 d as well as after irrigation and rainfall to ensure accuracy of measurement. The micro-lysimeters were installed on the row and the middle of the inter-rows (35 cm from the row); six measurements were carried out for each treatment. Time domain reflectometry with intelligent microelements (TRIME) was used to measure the SWC (cm 3 cm −3 ) in the root zone of TCWWH at intervals of 20 cm from the soil surface to the maximum root depth every 3-5 d. The gravimetric measurement was employed to calibrate the measurement result 28 . There were six TRIME tubes in each treatment.
The boll number per labelled plant was recorded before the first harvest. Four cotton rows (10 m long) in each treatment plot were selected as the sample area to determine the seed cotton yield (kg ha −1 ) at every harvest, and the seed cotton yield was divided by the number of bolls to determine the boll mass (g). The lint percentage (%) was determined by ginning the seed cotton from each harvest 13 .
The fibre strength (g tex −1 ), fibre length (mm), micronaire, fibre elongation (%) and fibre uniformity (%) were determined by the high volume instrument system 7 .
ET (mm) was estimated as follows:
where P is the precipitation (mm), I is the amount of irrigation (mm), U is the upward capillary flow into the root zone (mm), ΔS is the change in the amount of soil moisture storage (mm), D W is the downward drainage out of the root zone (mm), and R is the runoff (mm). Due to the strict control irrigation during the growing seasons, R was never observed in the field. The U and D W were calculated using Darcy's law as follows:
where q is the unsaturated and vertical one-dimensional soil moisture flux (mm d −1 ), K (ψ m ) is the unsaturated hydraulic conductivity (mm d −1 ), ψ
is the total water potential gradient, ψ is the soil total water potential (cm), and x is the vertical distance (cm). K (ψ m ) was measured by using the Ku-pF apparatus, while the soil matric potential was measured daily at 9:00 AM by using a tensiometer at soil depths of 90 cm and 110 cm 25, 27, 29 . The soil water characteristic curve was measured by using a high speed centrifuge, and RETC software was used to process the test data 30 .
The calculation for WUE (kg m −3 ) was as follows 13,29 :
where Y is the seed cotton yield (kg ha −1 ).
Statistical analysis.
To analyse the data obtained from the different irrigation treatments, the univariate GLM in SPSS Statistics 21.0 was used to make one-way analysis of variance (ANOVA) comparisons. The means were compared using least significant differences (LSD) at the 5% probability level.
Results
Survival rate and plant growth. Cotton yield and fibre quality. Table 5 shows the seed cotton yield, lint yield, lint percentage, boll mass and number of bolls per plant. Compared with SDI and MHI, BI tended to decrease the boll mass and number of bolls per plant and to produce the lowest seed and lint cotton yields. BI significantly decreased the boll mass in Table 4 . Survival rate of cotton seedlings in different irrigation treatments. The deviations are the standard errors of the means. Mean values with different letters in the same column are significantly different at P < 0.05 level. www.nature.com/scientificreports www.nature.com/scientificreports/ SDI treatment was also 32% and 10% higher than that of the BI and MHI treatments, respectively. For the lint percentage, the differences were not significant in the three experimental years. Table 6 shows the quality parameters of cotton lint. SDI and MHI significantly increased the fibre length compared with BI. Over the three years, the average fibre length obtained in the SDI and the MHI treatments was 3.8% and 4.6% longer than that of the BI treatment, respectively. The fibre uniformity of the SDI and the MHI treatments was also higher than that of the BT treatment, but the differences were not significant. SDI and MHI significantly increased the fibre strength in 2013 and 2015 compared with BI but produced no significant differences in 2014. The effects of irrigation methods on micronaire and fibre elongation were too inconsistent to be definitively assessed. For all treatments, the average fibre strength, fibre length, fibre uniformity and fibre elongation of cotton lint in 2014 were generally lower than those in 2013 and 2015. Figure 3 shows the diurnal variation in soil evaporation in the different horizontal locations under the three irrigation methods in 2014 and 2015. The line interruption in Fig. 3 was due to the occurrence of rainfall or irrigation, which resulted in the failure of the data. Generally, the soil evaporation in the SDI treatment was the lowest and that in the BI treatment was the highest. Compared with BI and MHI, SDI decreased the soil evaporation on average by 28% and 23% in the cotton row (position A in Fig. 3 ) and by 51% and 50% in the middle of the inter-rows (position B in Fig. 3 ), respectively. In the SDI treatment, the soil evaporation at position A was 19% greater than at position B, while in the BI and the MHI treatments, the soil evaporation at position A was 20% and was 22% less than that at position B.
Soil evaporation and water dynamics.
As similar tendencies for the SWC were observed in the three experimental years, only the 2013 data was selected to show the soil water dynamics under different irrigation methods. In the cotton plant row (Fig. 4A) , the average SWC at depths of 0-40 cm in the SDI treatment was the highest and was 7% and 16% higher than that in the BI and the MHI treatments, respectively, in the same soil layer. The average SWC at depths of 40-100 cm in the SDI treatment was the lowest and was 10% and 4% lower than that in the BI and the MHI treatments, respectively, in the same soil layer. As shown in Fig. 4B , in the middle of the inter-rows, the average SWC in the SDI treatment was 16% and 10% lower than that in the BI and the MHI treatments, respectively.
ET and WUE. The soil water balances of the 100 cm soil layer, ET and WUE in the field of TCWWH are summarized in Table 7 . Under the same SWC limit (70% of F C ) for different irrigation methods, the total irrigation quota in the BI treatment was 2.51 and 1.50 times larger than that in the SDI and BI treatments, respectively. Meanwhile, the D W in the BI treatment was also the largest. SDI produced the lowest ET of 377.8 mm (in 2015) and significantly decreased the ET compared to BI and MHI. Over the three years, the average ET in the SDI treatment decreased by 19% and 10% compared to BI and MHI, respectively. The highest WUE of 1.00 kg·m −3 was produced in the SDI treatment (in 2015). On average, SDI increased the WUE by 62% and 21% compared to BI and MHI, respectively.
Year Treatment
Boll mass (g) www.nature.com/scientificreports www.nature.com/scientificreports/ Economic benefit. Table 8 shows the output, input value and net profit of TCWWH for different irrigation methods. On average, the output value generated by the SDI treatment was the highest, being 32% and 9% higher than that of the BI and the MHI treatments, respectively. However, SDI also increased the total input value, especially for the material cost, which became 36% and 8% higher than that of the BI and the MHI treatments, respectively. The net profit produced by the SDI treatment exceeded that of the BI and the MHI treatments by 183% and 23%, respectively. Compared to all three years, the net profit in 2014 was the lowest for all treatments.
Number of bolls per plant

Discussion
Survival rate and plant growth. The survival rate of cotton seedlings affects the yield and economic benefit of TCWWH 31 . SDI significantly increased the survival rate compared to BI and MHI. This was because the roots of cotton seedlings were damaged while the cotton seedlings were transplanted in the field 3,4 , thus affecting their stability. The cotton seedlings were easily washed uprooted by the high velocity flow in BI and MHI, which led to their death. On the other hand, the water flow in the SDI treatment caused minimal damage to the cotton seedlings.
Suitable LAI and plant height are beneficial to ensuring an adequate canopy distribution and improving the utilization of solar energy, as well as the yield and quality of TCWWH 1, 6, 32 . The relationship between vegetative growth and yield of TCWWH is different from that of traditionally direct-seeded cotton. As the total growth time of TCWWH was approximately 45 d less than direct-seeded cotton, the plant height and the LAI of TCWWH were all smaller than those of direct-seeded cotton 2, 4, 5 . At the same time, many fine roots of cotton seedlings were damaged during field transplantation 3, 4 , which led to the slow vegetative growth of TCWWH during the recovery stage. Poor vegetative growth resulted in the insufficient production of photosynthate, which reduced the yield and quality of cotton. SDI significantly increased the plant height and the leaf area of TCWWH compared with BI and MHI (Fig. 2) , which was beneficial to the improvement of yield and quality of TCWWH. In the SDI treatment, soil water, heat, gases and the nutrients were best maintained and utilized for cotton growth, compared to the BI and the MHI treatments 7, 33 ; this is the main reason why SDI promoted the plant height and the LAI of TCWWH in this study. Irrigation methods could affect the micro-environment in the field, and the difference in atmospheric relative humidity within the canopy may also affect its growth 25 .
Cotton yield and fibre quality. The yield and fibre quality of cotton are significantly influenced by irrigation 34 . In this study, the seed cotton yield of the SDI treatment was 23% larger than that of the BI treatment (Table 5 ). This was similar to the result reported by Rao et al. 35 , who reported the seed cotton yield of drip irrigation treatment was 33.5% larger than that in the BI treatment. However, in the study of Hodgson et al. 14 decreased seed cotton yield by 3% compared with FI. This was mainly due to the different limits of SWC between SDI and FI; the deficit below the fully-irrigated SWC in the FI treatment was maintained at 90 mm, whereas that in the SDI treatment was maintained at only 45 mm. The seed cotton yields reported by Hu et al. 22 and Hu et al. 22 were higher than those in this study (Table 5) , potentially due to differences in growth time and cotton varieties. This study used the short-season cotton variety whose total growth time was less than 160 d. Lu et al. 17 indicated that short-season cotton decreased the seed cotton yield by 14.5% compared to full-season cotton. Cotton yield was also affected by agricultural practices and climate in the different regions. For all treatments, the seed yield of TCWWH as well as the fibre strength, fibre length, fibre uniformity and fibre elongation of cotton lint in 2014 were all lower than those in 2013 and 2015 (Tables 5 and 6 ). This may be due to the continuous rainfall during the mature and harvest stage in 2014 ( Fig. 1) .
Soil evaporation and water dynamics.
As only the cotton row was irrigated and the irrigation amount was sufficiently low (20 mm) in the SDI treatment, the SWC on the inter-rows or in deep soil depths was lower than that in the BI and the MHI treatments. This distribution characteristics of SWC in the SDI treatment reduced soil evaporation and prevented deep infiltration, reducing the loss of water and nutrients 36 . The soil moisture distribution in the SDI treatment was the most favourable for cotton root growth compared with BI and MHI 22, 37 ; the developed root then promoted the growth of the cotton canopy. This is also the reason why SDI promoted the yield and fibre quality of TCWWH.
ET and WUE.
As freshwater shortage limits the sustainable development of agriculture in the NCP 38, 39 , it is very important to study the water-saving irrigation methods for TCWWH. SDI significantly decreased the ET compared with BI and MHI (Table 7) . Rao et al. 35 reported a similar result of water in the drip irrigation treatment to be 30% less than that in the BI treatment. SDI increased the WUE compared with both BI and MHI (Table 7) , which was similar to the results observed by Cetin and Bilgel 9 and Ibragimov et al. 11 . The WUE in the SDI treatment in this study varied from 0.71 to 1.00 kg m −3 ; this was higher than the results reported by Cetin and Bilgel 9 and Yazar et al. 40 . Although a greater seed cotton yield was obtained, more water was consumed and lower WUEs were obtained in their studies.
Economic benefit. In the Yellow River Basin of the NCP, farmers have gradually abandoned the traditional method of intercropping winter wheat and cotton and are adopting the model of TCWWH 2 . In this region, the industrialized production of cotton seedlings has begun to emerge, and farmers widely use machinery to Table 7 . Evapotranspiration (ET) and water use efficiency (WUE) of transplanted cotton after winter wheat harvest (TCWWH) in different irrigation methods. Negative D W values indicated the soil water seeped from the 100 cm soil layer into the deeper soil. Negative ΔS values indicated the SWC in the 100 cm soil layer increased compared to initial measurements, while positive ΔS values indicated the SWC decreased. Table 8 . Economic benefit of transplanted cotton after winter wheat harvest (TCWWH) for different irrigation methods.
